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Abstract

New carbocationic salts (via O-protonation of substituted benzoic acids) are prepared for the first time by
controlled hydration of the corresponding benzoylium salts and isolated in pure crystalline form. Precise X-ray
structural analyses reveal the rather unexpected (electronic) structure of the carboxylic-acidium functionality.

Nonaqueous mixtures of acetic acid containing sulfuric (or perchloric) acid were initially proposed to be
“superacid solutions” by Conant and co-workers starting in 1927 by their ability to protonate a variety of very
weak organic bases.1 Phase diagrams had earlier indicated the existence of the [1:1] addition compound
CH3CO2H· H2SO4 (melting at −2.5 °C);2 and this was later structurally established to result from complete
proton transfer, i.e., CH3C(OH)2+ HSO4-.3,4 Although the parent formic acidium salt HC(OH)2+AsF6- 8 was also
isolated from the prototypical superacid system HF/AsF5,9 there are no extant examples of such α,αdihydroxycarbenium ions derived from aromatic carboxylic acids with which to establish substituent effects
on acidium structures.10
Earlier attempts to prepare crystalline acidium salts of benzoic acid from superacid solutions suffered from
competition via C-protonation and unavoidable protodecarboxylation as originally proposed by Schenkel et
al. (Scheme 1).11,12

Scheme 1

Although protonation at the carbon center in step (i) may be slower than proton transfer to oxygen,
irreversible loss of CO2 in step (ii) renders the isolation of the benzoic-acidium salt ineffective, and thus, any
methodology based on proton transfer is basically flawed.13 However, benzoic-acidium salts are addition
complexes of benzoic acid with superacids (HX), and they can be alternatively viewed as [1:1] adducts of
benzoylium salts with water, i.e.

As such, we now report the successful isolation of crystalline acidium salts prepared via the controlled
hydration of a series of pure benzoylium salts under neutral (nonacidic) conditions as follows.
Synthesis and Isolation of Dihydroxycarbenium Salts. Two synthetic methodologies related to
Friedel−Crafts acylation14 were utilized in the preparation of crystalline dihydroxycarbenium salts suitable for
X-ray crystallography. The more direct approach was based on the initial preparation of the acylium salt by
treatment of carboxylic-acid chlorides with Lewis acids such as antimony pentachloride in dichloromethane
solution, i.e.

to generate crystalline salts with the coordinatively saturated and low-nucleophilic counteranion SbCl6-. The
second method was also found in Olah's earlier studies and employed silver(I) salts, e.g.

and this method depended on the careful separation of silver chloride which even as a minor contaminant
could otherwise inhibit crystallization. Both methods were used interchangeably to prepare a series of
substituted benzoylium salts which were then recrystallized from dichloromethane containing traces of
moisture. Alternatively, the two steps were combined into a single step without isolating the acylium
intermediate. In both procedures, the rigorous control of water was critical for crystal preparation owing to
the extreme hygroscopic nature of acidium salts, especially those suited for X-ray analysis. The applicability
of this procedure to acidium salts of fatty acids was also briefly examined by the isolation of the tertbutylacetic-acidium carbocation as the hexafluoroantimonate salt.
X-ray Crystallography of Pure Dihydroxycarbenium Salts. To quantitatively evaluate substituent effects
on structure, the X-ray crystallographic analyses of the substituted benzoic-acidium salts were carried out at

−150 °C to a uniform precision of (esd) 0.003−0.005 Å. The low-temperature determination of the crystal
structures of variously substituted benzoic-acidium salts consistently yielded the structural parameters with
good precision as listed in Table 1. Typically, the ORTEP diagram of p-toluic-acidium hexafluoroantimonate
in Figure 1 shows the symmetrical structure of the O-protonated carbocation closely paired to the
counteranion at the dihydroxylated site.

Figure 1 ORTEP diagram of p-toluic-acidium hexafluoroantimonate showing the α,α-dihydroxycarbenium moiety.

Table 1. X-ray Structural Parameters of Substituted Benzoic and Acetic-Acidium Salts Relative to Those of
Carboxylic Acids

* As a cocrystal with the parent p-toluic acid in entry 7.
In all derivatives, the trigonal carbocation center is planar; and it is generally coplanar with the benzenoid
ring

the dihedral angle α being merely ∼5°, except in the case of mesitoic-acidium cation with α = 41° to

minimize steric crowding from the pair of o-methyl groups.15

Superacid Structures of Benzoic-Acidium Carbocations. Most notable is the structure of the
acidium functionality, i.e., the cationic (HO)2C+ group, in which the carbon−oxygen bond length (identified as
bond a in the figure for Table 1) of the two equivalent hydroxy groups lies between those of the carbonyl and
the hydroxy groups of carboxylic acids in general.16 It is thus instructive to consider their unique bond length
(ra) in the context of π-bond order (na) that is calculated according to Pauling17 and listed in Table 2 (column
2).
Table 2. Pauling Bond Orders for Benzoic-Acidium Carbocations

2,6-difluorobenzoic-acidium/SbF62,6-difluorobenzoic-acidium/AsF64-methylbenzoic-acidium/SbF64-methylbenzoic-acidium/AsF62,4,6-trimethylbenzoic-acidium/SbF6-

na
1.50(1)
1.50(1)
1.50(1)
1.50(1)
1.49(1)

nb
1.01(2)
1.02(1)
1.02(2)
1.00(2)
1.03(2)

Σn
4.01(2)
4.02(2)
4.02(2)
4.00(2)
4.00(2)

Viewed in this way, the bond order of na = 1.5 is precisely intermediate between that of a single and double
bond, and indicates that the acidium group is not to be considered a benzylic carbocation (structure I), but a
resonance-stabilized cation (structure II) in which the charge is equally delocalized between gem-dihydroxy
groups in a manner somewhat reminiscent of π-electron delocalization in various allylic cations. [Based on
such analysis, acidium is (strictly speaking) not a carbocation, but a quasi-oxonium cation.18] As such, there
is a null in the (positive) charge density at carbon, and the electronic effects of the acidium group on the
attached aromatic ring will therefore be largely inductive. In accord with this qualitative formalism, the nature
of the slightly elongated C−C bond (labeled b in the Table 1) is expected to be relatively unaffected by
changes in the substituents on the aromatic ring, as shown by the invariant values of nb ∼ 1.0 in Table 2

(column 3).19 Furthermore, the same applies to the rather minor quinonoidal distortion20 experienced in the
benzenoid ring despite strong perturbations arising from the presence of a powerful electropositive (acidium)
center.21

All of these factors lead to the conclusion that the superacid properties of various benzoic-acidium salts are
expected to be minimally affected by aromatic substituents.22,23

Experimental Section
Materials. The acyl halides

acetyl chloride, acetyl fluoride, propionyl chloride, p-toluyl chloride, p-anisoyl

chloride, and p-fluorobenzoyl chloride were commercial samples. 2,4,6-Mesitoyl chloride and
pentamethylbenzoyl chloride were prepared from the corresponding carboxylic acids by the treatment with
oxalyl chloride. SbCl5, SbF5, and AgSbF6 were used without additional purification. Dichloromethane,
benzene and hexane were purified according to published procedures. 1,1,2-Trifluorotrichloroethane (“Freon
113”) was used without additional purification. The oxocarbonium salts were prepared using literature
method involving two general synthetic procedures described in eqs 1 and 2. The first method was used for
acyl and aroyl halides with either X = F and PF5, BF3, SbF5, AsF5 or for X = Cl and AlCl3, GaCl3, SbCl5; and
the second method was used for acyl and aroyl chlorides and silver(I) PF6-, BF4-, SbF6-, AsF6-. It is important
to emphasize that the target acylium salts are extremely sensitive to air. The acid halides were always
freshly distilled, and anhydrous silver salts were carefully dried in vacuo (including cautious heating).
X-ray Crystallography. The intensity data for all the compounds were collected at −150 °C on a X-ray
diffractometer with a CCD detector using MoKα radiation (λ = 0.71073 Å). In all cases, a semiempirical
absorption correction was applied using SADABS program.24 The structures were solved by direct methods
and refined by full matrix least-squares procedure using SHELXTL suite of programs.25 The details of the Xray structure determination of the various acidium salts listed in Table 1 are on deposit (as CCDC
257622−257627) and can be obtained from the Cambridge Crystallographic Data Centre, Cambridge, U.K.
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